The methyl methane sulfonate (MMS)-sensitive mutation mms8-1 increases the rate of spontaneous mitotic intragenic recombination at five heteroallelic loci on three chromosomes. Complementation, segregation, and mapping studies indicate that mms8-1 is allelic to cdc9, known to be defective in deoxyribonucleic acid ligase. Both mms8-1 and cdc9 mutants are lethal in combination with the recombination-defective mutant rad52-1. Genetic analysis of spontaneous red/ white sectors in an ade2-1/ade2-1 ade5/+ mms8-1/mms8-1 strain shows nonreciprocal recombinational events involving long chromosome segments. We also observe greater than expected rates of simultaneous recombination at loci on different chromosomes in both wild-type and mms8-1 mutants.
white sectors in an ade2-1/ade2-1 ade5/+ mms8-1/mms8-1 strain shows nonreciprocal recombinational events involving long chromosome segments. We also observe greater than expected rates of simultaneous recombination at loci on different chromosomes in both wild-type and mms8-1 mutants.
In Escherichia coli, mutants that show increased recombination frequencies have been found to be defective in both the 5'-*3' exonuclease and polymerizing activity of DNA polymerase I or in just the 5'-*3' exonuclease associated with DNA polymerase I, in DNA ligase (16) , and in deoxyuridine triphosphate diphosphohydrolase (dUTPase) (30) . All of these mutants accumulate nascent single-stranded DNA Okazaki fragments (9, 17, 18, 30) . Mutants of DNA adenine methylase (dam) of E. coli also show increased recombination (16) ; these mutants contain a large number of nicks or gaps in their DNA (22) . Thus, hyper-recombination mutants in E. coli include mutants defective in joining nascent DNA replication fragments and in other important functions in DNA metabolism.
In Saccharomyces cerevisiae, several mutants which show increased spontaneous mitotic recombination are known. The reml-1 mutant (8) was isolated as a spontaneous mutator, various MIC mutants (20) were isolated on the basis of increased spontaneous mitotic recombination, and the radl8-3 mutant was isolated by screening for sensitivity to the alkylating agent methyl methane sulfonate (MMS) (1) . The cdc9-1 mutant, which was isolated as a cell division cycle mutant and is arrested at the restrictive temperature in medial nuclear division (10) , also shows elevated frequencies of mitotic recombination after incubation at the restrictive temperature (6) . We found that four mutants isolated as MMS sensitive, mms8-1, mms9-1, mmsl3-1, and mms21-1 (26) , increase the rate of spontaneous mitotic segregation to canavanine resistance in sensitive canr/+ diploids (27) . This increase could have been due to mitotic crossing over and/or gene conversion, deletion, or nondisjunction. We have examined the effect of one of these mutations, mms8-1, on spontaneous intragenic and intergenic recombination and found that it increases the rate of mitotic recombination at all loci examined. We also present evidence indicating that mms8-1 is allelic to cdc9, known to be defective in DNA ligase activity (15) . MATERIALS 
AND METHODS
Strains. The mms8-1 mutant was described previously by Prakash and Prakash (26, 27) . The leul, lys2, trp5, tyrl, and ura3 heteroalleles were obtained from J. Golin; the cdc9 alleles were obtained from L. Hartwell. The genotypes of important strains used are given in Table 1 .
Media. The standard yeast culture media, yeast extract-peptone-dextrose, synthetic dextrose, synthetic complete, and omission media (synthetic medium lacking one nutrient), were as previously described (26, 28) except that synthetic complete and all omission media contained 5 Ag of adenine per ml to facilitate detection of red pigment in ade2 strains.
Complementation test of mms8 with cdc9. Diploids were constructed by crossing LP323-19, MATa can' metl5-3 mms8-1 with MATa cdc9-x or with A364A, Mata adel ade2 his7 lys2-1 tyrl ural gall CDC'. The cdc9 strains were originally isolated in the A364A background and were therefore isogenic with A364A, except for the cdc9 mutation. Diploids, selected by growth on synthetic dextrose minimal medium, were tested for their ability to grow on yeast extract-peptone-dextrose + 0.035% MMS medium at Rates of prototrophy to histidine independence were determined as above except that 25 1-ml cultures grown for 3 days were used.
Rates of white colony formation. I'hese data were obtained from the experiments described above. The median number of cells forming white colonies among the unselected cells and each prototroph type was used to determine the rate by the method of the median. In each case, the calculated mean number of cells giving rise to white colonies was divided by the number of cells per culture to give the rate with which cells forming white colonies arise.
Genotypic analysis of red/white half-sectored colonies. Two subclones from the red and the white half of each sector were sporulated, and ten tetrads from each subclone were dissected. The configuration of heterozygous markers was determined by scoring the segregants for each auxotrophic marker; the configuration of heteroallelic markers was determined by crossing each spore to testers for both leul and both trp5 heteroalleles and irradiating the resultant diploid with 5 krad of "0'cobalt radiation (21) .
Pedigree analysis to determine the frequency of lethal sectoring. A streak of strain BM-107 was made on one edge of a round yeast extract-peptonedextrose plate. Individual nonbudded cells were selected by micromanipulation and placed at 6-mm intervals in three rows on the plate. Most of the cells had divided after incubation at 30°C for approximately 2 h. The first daughter of each cell was removed and placed 6 mm above the parent cell. The daughter and the parent cell were allowed to divide once more, and their daughters were placed 3 mm above them. The plate was incubated at 300C until visible colonies were formed (1 to 2 days). Pedigrees in which all four cells formed colonies were classed as having produced four viable granddaughters without lethal sectoring.
Determination of rates of spontaneous muta-
tion. Rates of spontaneous mutation were determined, using 11 cultures grown in 40 ml of yeast extractpeptone-dextrose as described in Prakash et al. (28) .
RESULTS
Allelism of mms8 with cdc9. Diploids of the genotype mms8-1 x cdc9-x failed to grow on yeast extract-peptone-dextrose + MMS at 36°C, although growth on yeast extract-peptone-dextrose + MMS medium occurred at 25°C (Table  2 ). This effect was observed with all cdc9 alleles. The lack of complementation between mms8 and cdc9 was not complete, since mms8/cdc9 diploids grew on MMS medium at 25°C, but neither cdc9 nor mms8-1 single mutants grew under these conditions.
One of the diploids resulting from a cross shown in Table 2 , cdc9-2 x mms8-1, was sporulated, the asci dissected, and the configuration of mutant alleles determined. If the apparent lack of complementation observed between cdc9 and mms8 is fortuitous and the two genes are not closely linked, then many wild-type and double mutant spores should have been produced. However, this was not the case; 24 out of 28 asci were of the parental ditype configuration, with 1 tetratype and 3 apparent conversional asci containing two cdc9-2 spores, one mms8-1 spore, and one wild-type spore. These three asci represent single-site conversion of mms8-1 to wild type. Meiotic gene conversion in yeast generally displays parity (5). However, our data are insufficient to make any statement regarding parity.
Further support for allelism was obtained by mapping mms8-1, showing that it recombines with cdc2 and HO, giving map distances like those previously determined for cdc9 with these two markers (Table 3 and Fig. 1 ). The mapping of mms8-1 on the left arm of chromosome IV further suggests that mms8 is a mutation at or near the cdc9 locus.
MITOTIC RECOMBINATION IN MMS8 519
Inviability of rad52 mms8 double mutants. Another parallel between mms8 and cdc9 was observed in the behavior of the two mutants in crosses with rad52-1. It was noted by D. Wilcox in our laboratory that crosses of cdc9 with rad52-1 failed to produce double mutants, implying that this combination was lethal. These data, and the results of two crosses of mms8-1 x rad52-1 are presented in Table 4 . Neither cdc9 rad52-1 nor mms8-1 rad52-1 spores have been found in the 67 asci examined, whereas numerous wild type spores have been detected. The apparent deficiency of asci with two wildtype spores, which would have represented NPD tetrads (two wild-type and two double-mutant spores) may arise from the fact that only asci with four well-formed spores were dissected. NPD asci containing two wild-type and two lethal double-mutant spores may not develop and produce four well-formed spores and therefore might have been excluded.
Increased spontaneous mitotic recombination in mms8-1. The mms8-1 mutant in- 9-2 9-3 9-4 9-6 9-7 9-8 9-10 9-11 9-12 9-13 9-14 mmrs8 Table 5 . The rate of spontaneous mitotic heteroallelic recombination was increased at all five loci in mms8-1/mms8-1 diploids. However, the extent of increase varied for each heteroallelic pair, ranging from about 3-fold for the ura-l/ura3-313 heteroalleles to about 20-fold for the trp5-c/trp5-r heteroalleles. The rates of spontaneous mitotic heteroallelic recombination in mms8-1/+ diploids were similar to those in +/+ diploids, indicating that the mms8-1 mutation is recessive. The rates of spontaneous mutation in mms8-l/mms8-1 and +/+ homoallelic diploids were measured to determine whether enhanced rates of mutation could account for the observed increased rates in recombination and also to determine the effect of mms8-1 on spontaneous mutation rates. Reversion rates for both alleles at Iys2, trp5, tyrl, and ura3 in mms8-1/mms8-1 and +/+ diploids ( (Table 7 ). The rate of production of cells forming white colonies among unselected cells was more than 10-fold higher in mms8/ mms8 than in +/+ and +/mms8 strains. The rate of formation of white prototrophs in all of the strains indicated that the events producing white cells were not independent of those producing prototrophs. White prototrophs arose with rates much higher than would be expected if the two events were independent. This was true for the trp5 locus linked to ade5, as well as for the Iys2, tyrl, and ura3 loci, which are on different chromosomes. This lack of independence between recombinational events occurring J. BACTERIOL. on different chromosomes appeared in +/+, +/ mms8, and mms8/mms8 diploids, suggesting that it was not merely an effect of the mms8-1 mutation.
One possible cause for the enhanced rate of white cell formation among cells selected for prototrophy elsewhere in the genome is suppression of ade2-1 and of one or both of the heteroalleles by the same altered tRNA suppressor.
Both alleles at lys2, trp5, and tyrl respond to some of the same ochre suppressors as does ade2-1 (12; B. Montelone, unpublished data). Thus, the true expected rate of production of a white prototroph should be the rate calculated in Table 7 plus the rate of suppression of ade2-1 and the heteroallele. Since the rate of reversion of ade2-1 was 1.97 x 10-8 per cell per generation in +/+ diploids (Table 6) , which is lower than the reversion rates of lys2-1, lys2-2, trp5-r, tyrl-1, and tyrl -2, this is the limiting rate at which white LYS2, TRP5, and TYR1 cells might possibly arise due to suppression. This number may be added to the expected values in Table 7 ; in all cases, the observed rates are still higher than the expected rates. The extent of the difference is eightfold in +/+ and +/mms8 strains. Similar considerations in the mms8-1 mutant indicated 10-to 20-fold higher rates of simultaneous recombinational events. The ura3 heteroalleles used are not suppressible, and white URA3 prototrophs could arise only by simultaneous recombination. At all sites examined in both wildtype and mms8-1 mutant, the incidence of simultaneous recombination of markers on the same and different chromosomes appeared to exceed the rate of expected independent events. A greater than expected coincidence of mitotic recombination at various linked and unlinked loci has also been observed after UV light irradiation (4). Genetic analysis of red/white half sectors. The adenine color system may also be used to monitor recombinational events through the appearance of red/white half-sectored colonies which arise in the first cell division after plating. Seven half-sectored colonies of BM-107, an mms8-1/mms8-1 strain, were analyzed to determine their chromosome VII marker configuration in an attempt to define the events producing such colonies in the mutant strains (Table 8 ). In five of the seven half-sectors, types I, II, and III, the red side remained heterozygous for ade5, suggesting that a large number of events causing sector formation were apparently nonreciprocal in nature. In three sectors, types I and III, nearly the entire chromosome arm was involved in nonreciprocal recombination; in the two other sectors, type II, nonreciprocal recombination was observed at ade5, metl3, and trp5. The remaining two sectors were reciprocal recombinants for ade5 in sector type V and for both ade5 and metl3 in sector type IV. This sector also showed gene conversion at trp5 and leul. The apparent involvement of long chromosome segments in nonreciprocal recombination during mitosis may either be due to the formation of very long heteroduplexes or to lethal sectoring in the following manner. If, after mitotic division of a cell, one of the two daughter cells undergoes reciprocal mitotic recombination after DNA replication, producing daughter cells with all markers distal to the point of exchange homozygous, and if this is followed by the death of the recombinant daughter cell with the dominant markers, then a sectored colony with part of the colony heterozygous and part homozygous for the recessive markers might result. Pedigree analysis of the BM-107 strain showed that in only 4 out of 54 pedigrees examined was one of the four granddaughter cells inviable. This low frequency of lethality cannot explain the genetic constitution of the majority of red/white sectors. Moreover, reconstruction experiments with ade2-1 ade6-1 and ade2-1 ADE6 cells by Roman (29) did not show any evidence of preferential growth of ade2-1 ade6-1 white cells over ade2-1 ADE6 red cells. It is therefore unlikely that the observed red/white sectors arose from preferential growth of the white cell after lethal sectoring of its red sister. Furthermore, mitotic recombination, spontaneous as well as induced, seems to involve mainly unduplicated chromosomes (2, 3, 31) . DISCUSSION Our results are consistent with the proposition that mms8-1 is an allele of cdc9, known to be defective in DNA ligase activity, even at the permissive temperature (15) . We have assayed DNA ligase as described by Johnston and Nasmyth (15) by the conversion of pBR322 DNA containing a single nick introduced by pancreatic DNase to the sealed covalently closed doublestranded form and distinguishing the nicked and the closed circular forms on ethidium bromide agarose gels. Extracts from strains of 10 other alleles of cdc9 were all found to have no detectable ligase activity, whereas extracts from the mms8-1 mutant showed greatly reduced levels of ligase activity compared with the wild type (data not shown). Since mms8-1 is not temperature sensitive for growth, whereas all the cdc9 alleles are, it is not surprising that the cdc9 alleles are phenotypically similar to each other, with respect to ligase activity, but different from mms8-1. At the restrictive temperature of 36°C, the cdc9-1 mutant fails to join DNA replication fragments and shows increased UV sensitivity (15) . Sensitivity to MMS is observed even at the permissive temperature (14) . Phenotypically, the yeast cdc9-1 mutant is similar to the E. coli lig-7(Ts) mutant, which is also conditionally lethal (18, 24), fails to seal Okazaki fragments at the restrictive temperature (18, 25) , and is sen-sitive to the lethal effects of UV and MMS (18, 24) . Spontaneous mitotic recombination is increased in cdc9-1 cells held at the restrictive temperature before being plated at the permissive temperature (6) ; the lig-7(Ts) mutant is also hyper-recombinational (16) .
Although there is detectable ligase activity in mms8-1, until we have purified and studied the enzyme from both wild type and mutant, we will not know whether the mms8-1 ligase is the same protein as that in the wild type but present in lower amounts or whether it is an altered enzyme with less activity than the wild type enzyme. Since the mms8-1 mutant is not a conditional lethal mutant, the ligase activity must be sufficient to carry out essential functions at both temperatures. The lig-4 mutant of E. coli can also grow at elevated temperatures, even though the joining activity of ligase from this mutant is considerably reduced at high temperatures (9) . Ligase mutants of E. coli which are not conditional lethal mutants have also been recovered among hyper-recombination mutants (16) . The hyper-recombination phenotype of ligase mutants is most likely due to a reduced rate of sealing of DNA replication fragments; DNA containing breaks would provide substrate for the initiation of genetic recombination.
Another parallel between the DNA ligase mutants of yeasts and E. coli is seen in the lethality of certain double-mutant combinations. The recB lig-4 double mutant shows greatly decreased viability and slow growth and polA lig- 4 and recA lig-4 double mutants are conditional lethal mutants (9) . Likewise, the combination of rad52-1, a recombination-deficient mutant (7, 28) , with either cdc9 or mms8 is lethal ( 
